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Noncovalent association of Ca2+-loaded calmodulin with a target peptide melittin was studied 
by electrospray ionization mass spectrometry (ESI-MS). ESI-MS does not reveal any binding of 
the apocalmodulin to the melittin. Partial loading of calmodulin with calcium leads to weak 
association with melittin. Upon binding of two calcium ions to the protein, changes in the 
conformation of calmodulin occur; these changes are sufficient o promote binding of melittin. 
Saturation of the protein with Ca 2- (a distribution of up to seven calcium ions is detected) 
induces a large increase of the binding to melittin. The stoichiometry of peptide binding to 
calmodulin is 1:1. (J Am Soc Mass Spectrom 1997, 8, 809-812) © 1997 American Society for 
Mass Spectrometry 
T 
he interaction of calmodulin and its target en- 
zymes has been extensively studied and has 
become a model for metal ion/protein interac- 
tions. The upshot of these many studies is that calcium 
binding to calmodulin is cooperative with respect o the 
two globular domains of calmodulin and promotes a
conformational change that exposes a hydrophobic sur- 
face and allows binding of the target enzymes. The 
association of the Ca2+-loaded calmodulin with en- 
zymes involves both hydrophobic and ionic interac- 
tions. Melittin and other small hydrophobic peptides 
also bind to the Ca2+/calmodulin complex, and these 
three-component complexes offer a means of investigat- 
ing the interactions in detail. 
The various methods that have been used to reveal 
these metal ion/protein interactions are X-ray crystal- 
lography [1-4], nuclear magnetic resonance [5-8], cir- 
cular dichroism [9-12], and tryptophan fluorescence [9, 
13]. Here we demonstrate that electrospray ionization 
mass spectrometry can join this arsenal of methods for 
studying sophisticated interactions in which binding of 
one component causes a conformational change that 
allow another binding to occur. The Ca2+-induced, 
noncovalent association of calmodulin with the natu- 
rally occurring peptide melittin is a prototype of such a 
system. 
Electrospray ionization mass spectrometry (ESI-MS) 
is sensitive, rapid, and has the ability to ionize large 
biomolecules such as proteins [14-17] and oligonucle- 
otides [18]. Owing to the softness of ESI, the weak 
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interactions of noncovalent complexes, uch as those in 
receptor-ligand, enzyme-substrate, and DNA-drug,  
can be preserved in the gas phase [19-29]. Two previ- 
ously published studies on noncovalent complexes of- 
fer some precedent for the research reported here. 
Cheng et al. [19] reported that Zn2+-loaded carbonic 
anhydrase at pH 7 binds to small-molecule inhibitors. 
The Zn 2-, however, does not cause significant confor- 
mational changes, but serves as a cationic center to bind 
the negatively charged inhibitors. Feng et al. [28] dem- 
onstrated that the protein matrilysin binds up to two 
Ca 2+ and two Zn 2+ ions, and the resulting metallopro- 
teinase forms noncovalent complexes with small-mole- 
cule inhibitors. Here, one Zn 2+ is needed for catalytic 
activity and the other Zn 2+ and the Ca 2+ ions stabilize 
the structure of the protein. Although both systems are 
three-component and involve metalloprotein binding to 
small molecules, these are not systems in which a metal 
ion triggers a conformational change in a protein, 
allowing it to interact with another biomolecule. These 
latter systems have implications in protein folding and 
signal transduction. We chose the Ca2+-induced bind- 
ing of calmodulin with melittin to evaluate the capabil- 
ity of ESI and mass spectrometry to follow these three- 
part interactions. The long-range goal is to build a basis 
for the role of mass spectrometry in the area of interac- 
tions of proteins with metal ions and the changes that 
follow. 
Experimental 
Electrospray ionization mass spectra were collected by 
using a prototype VG ZAB-T four-sector tandem mass 
spectrometer [30] equipped with a VG electrospray 
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source (Micromass, Manchester, UK). A Harvard Model 
22 syringe pump (Harvard Apparatus, South Natick, 
MA) was used to infuse a solution of 20:80 methanol: 
water to the spray needle at a rate of 10 ~L/min. 
Samples that were incubated for various time periods 
were introduced into the solution via a 20-~L loop 
Rheodyne 7125 valve. ESI mass spectrometric analyses 
of calmodulin were performed in the positive- and 
negative-ion modes. In the positive-ion mode, the spray 
needle was maintained at 8000 V, and the counter 
electrode (pepper pot) potential was 5000 V. The sam- 
pling cone, skimmer lens, skimmer, hexapole and ring 
electrode were 4196, 4159, 4156, 4154, and 4117 V, 
respectively. For the negative-ion experiments, the nee- 
dle potential was reduced to 7500 V, and the other 
electrodes were maintained at the same potential as in 
the positive-ion operation. Nitrogen was used sepa- 
rately as both bath and nebulizer gas with flow rates of 
400 and 12 L/h, respectively. The bath-gas temperature 
was maintained at 80 °C. The mass spectrometer was 
calibrated from m/z 500-3500 by using a solution of 
CsI. All experiments made use of only the first two 
sectors and were done with a mass resolving power of 
1000 and a scan speed of 15 s per decade. Ten scans 
were signal averaged and processed by using the VG 
Opus operating system and a DEC-alpha work station. 
The raw ESI spectra were transformed by using a 
Maximum Entropy algorithm (MaxEnt) [31] obtained 
from Micromass. 
The mass spectrometry experiments were conducted 
with a sample solution of 3 pmol /~L calmodulin 
(Ocean Biologics Co., Edmonds, WA) at pH = 7 to 
which was added no additional buffer. A few experi- 
ments were conducted with the same sample solution 
but to which NH4OAc (10 mM) had been added to give 
a final solution at pH = 7. Because the results were the 
same with and without the ammonium acetate, the 
complete set of experiments was conducted without 
buffer. 
Results and Discussion 
When a solution containing melittin and calmodulin, in 
the absence of Ca 2+, is electrosprayed, only the nonin- 
teracting compounds are seen, and there is no detect- 
able complex of calmodulin and melittin (MW of melit- 
tin 2844 and of calmodulin 16792). The ESI mass 
spectrum in the negative-ion mode (Figure 1) shows 
that the maximum charge state is 26- .  It may be 
coincidental, but the protein contains 39 acidic residues, 
and 13 acidic residues are buried in the calcium binding 
loops [32]. When an insufficient amount of Ca 2+ to 
saturate the calmodulin was present in the solution 
(fivefold excess of Ca2+), some of the calmodulin binds 
to melittin, and some does not (Figure 2). The trans- 
formed spectrum reveals that incorporation of two 
calcium ions in the protein is sufficient o cause binding. 
Most probably, the first two Ca 2+ ions are bound to the 
C-terminal domain of the protein because it has a 
100' 
6£ 
19- 
20. 
21 18- 
22- 17- 
16- 
- , ' , . t  
40 24- 
20 1' 
25 
i 
400 600 
~!1, ~-" M + 2ca 
800 
15-14 - 
13- 12- 
r, 1,11 L 1!- lO- 
1000 1200 1400 1600 1800 m/~z 
Figure 1. ESI mass spectrum of calmodulin in the negative-ion 
mode. The inset shows the transformed spectrum. M refers to the 
protein. 
higher affinity for calcium ions than the N-terminal 
domain [33]. Kinetic analysis [34] of Ca2+-binding to 
calmodulin and NMR resonance and NOE assignments 
[8] indicate that the binding of calcium affects the 
conformational state of the C-terminal domain more 
than that of the N-terminal domain. The binding of two 
calcium ions causes calmodulin [34-36] to adopt a 
partially folded state containing a hydrophobic surface 
that is required for melittin binding. 
The charge-state envelope of the peptide-bound cal- 
modul in/Ca 2÷ complex shifts to higher mass-to-charge 
ratio values (lower extent of charging), suggesting that 
the complex becomes more compact and some acidic 
residues in the bound state are buried and not accessi- 
ble for deprotonation. The abundance of the bound 
species is not high (see inset of Figure 2), probably 
because the binding is weak. 
Saturation of calmodulin with calcium (500-fold ex- 
cess) (Figure 3A) causes binding of one to seven Ca 2+ 
ions to the protein. As a result, the ESI mass spectrum of 
calcium-loaded calmodulin changes ubstantially. This 
change, which adds to our understanding of Ca 2+ 
binding, is due to the appearance of a second distribu- 
tion of charge states (10-, 9-, and 8-). We attribute the 
bimodal charge-state distributions that appear when 
calmodulin is loaded with Ca 2- to the presence of the 
two conformer populations. One population contains 
high numbers of charges (low mass4o-charge ratio 
range) and may have an elongated (denatured) type of 
structure owing to the coulombic repulsion between the 
charges. The second population gives rise to the other 
charge-state envelope (10-, 9-, and 8-), is more abundant 
in the gas phase, and is likely to be for a relatively 
tightly folded or native conformer. If the relative abun- 
dances in the gas phase are parallel with those in 
solution, we may conclude that the second population 
is also more abundant in solution. 
The melittin-bound complex of calmodulin in the 
presence of excess  Ca  2+ forms readily and apparently 
has nearly the same charge-state distribution (Figure 
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Figure 2. ESI mass spectrum of calmodulin with melittin in the 
presence of an insufficient amount of Ca 2+ to cause saturation of
calmodulin. The inset shows the transformed spectrum. CaM, MI, 
and [CaM + M1 + 2Ca] refer to calmodulin, melittin, and the 
complex, respectively. 
3B) as that of the native conformation of calmodulin. 
We propose that the distribution of low-charge states is 
due to species that have a relatively tight conformation 
that binds to melittin. Transformed spectra of calcium- 
bound protein show that the number  of calcium ions 
bound to calmodul in is in a range from one to seven 
with the most probable at four, whereas the calmodul in 
that binds with melittin contains no less than four Ca 2÷. 
This can be rationalized because the protein specifically 
binds at least four Ca 2- ions. In the presence of excess 
Ca 2+, the equi l ibr ium shifts to achieve this. Upon 
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Figure 3. (A) ESI mass spectrum of calcium-saturated calmodu- 
lin. The inset shows the transformed spectrum; (B) ESI mass 
spectrum ofnoncovalent complex of calcium-loaded calmodulin with 
melittin. The inset shows the transformed spectrum. 
ligation of four or more Ca 2+ ions, the calmodul in 
molecules have a smaller negative charge and undergo 
conformational changes, exposing for the protein a new 
surface that enables both hydrophobic interactions and 
ion pairing to cooperate in the b inding to melittin. 
Binding stoichiometry of melitt in to calmodul in was 
found to be 1:1. Complexes were observed when the 
concentration ratios of peptide to protein were 1:1 and 
2:1. Upon spraying a solution containing a 0.5:1.0 ratio 
of peptide to calmodulin, however, no complexes were 
detected. 
Conclusion 
These prel iminary results et the stage for the future use 
of ESI-MS as a tool for the investigation of the metal 
ion-initiated conformational changes of proteins with 
subsequent noncovalent association to other biomol- 
ecules. This rapid and sensitive approach should pro- 
vide information on not only the conformational 
changes but also the stoichiometry of the protein-metal  
complex as it noncovalently associates with other bio- 
molecules. Goals of our future research are to investi- 
gate the interactions of calmodul in with other metal 
ions and peptides, to titrate mixtures of calmodul in and 
peptides with Ca 2+ (or other metals) to determine the 
nature of the binding, and to use isotopic exchange to 
verify the metal- induced conformational changes. 
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